This study focuses on the entire shape of the precipitate in Ti-22V-4Al in terms of the interphase and elastic strain energies generated between the precipitate and matrix. In order to consider a transformation strain, the volumetric strain and strain relaxation by a misfit dislocation on the interphase boundary are calculated. Firstly, the atomic matching model is employed for determining the preferred habit planes by evaluating the results of geometrical atomic matching. Subsequently, the precipitate configuration that consists of the preferred habit plane is determined by the elastic strain with the minimum value. Then, the elastic strain surrounding and within the predicted precipitate is examined by an FEM analysis, which can be used to calculate the anisotropic elastic strain depending on the shape of the precipitate. A comparison of these results with regard to the precipitate observed by TEM elucidates the determination of the ideal shape of the precipitates in BCC/HCP systems; the optimum configuration of the precipitate that consists of the preferred habit plane is determined by the tradeoff relationship of two factors; one is the strain relaxation due to an increment in the broad face plane, and the other is the decrease in the total elastic strain as the surface ratio approaches a regular square.
Introduction
With regard to the diffusional phase transformation of twophase alloys, many researchers have reported on the morphology of a precipitate to elucidate the rule for determining its shape from both experimental 1) and theoretical 2) viewpoints because the shape affects the macromechanical properties. These studies are roughly classified into two categories-interphase energy 3) and elastic strain. 4) In particular, in the research conducted in the field of interphase energy, many studies such as those on atomic matching models 5) have predicted the experimental habit planes in which the interphase energy is estimated by the atomic matching of the interface between the precipitate and the matrix. TEM observations reveal a good correspondence between the atomic matching model and experimental observation results even for semicoherent precipitation. However, this correspondence is obtained only in FCC/ BCC systems, 6, 7) both of which are cubic crystal. The atomic matching model is unable to predict the habit plane in BCC/ HCP systems since the anisotropic characteristics of these systems are distinct as compared to those of the FCC/BCC systems. For instance, in the case of Ti-22V-4Al alloy, the atomic matching ratio of the broadest habit plane in the precipitate is almost half that of the second habit plane, 8) although the total interphase energy becomes lower if the precipitate is surrounded by a higher atomic matching habit plane. This is a common tendency in BCC/HCP system alloys such as Zr-Nb 9) and Ti-7Cr. 10) With respect to the morphology of the precipitate in BCC/ HCP systems, we propose the following two points. The first point is to consider the elastic strain, which is another factor for the determination of the shape of the precipitate in addition to analyses by the atomic matching model. Few researches have considered the crystallographic orientation relationship (OR) and anisotropy elastic strain in diffusional phase transformation. Therefore, in our previous study, 8) we have described the entire shape of the precipitate in Ti-22V-4Al in terms of the interphase and elastic strain energies generated between the precipitate and matrix by using the finite element method (FEM) analysis, which can calculate the anisotropic elastic strain depending on the shape of the precipitate and the OR between the precipitate and the matrix. The analysis results with regard to the precipitate are compared with the TEM results; the analysis results correspond well with the observations. However, an interface misfit dislocation on the boundary between the precipitate and matrix, which is introduced by a lattice misfit, is not considered; only the volumetric strain generated during the phase transformation is considered. The volumetric strain must be necessary to consider the precipitate morphology because the interface dislocation is one of the main factors for the relaxation of the elastic strain by the precipitate. Therefore, this study attempts to investigate the entire shape of the precipitate in Ti-22V-4Al in terms of the interphase and elastic strain energies with the consideration of the interface misfit dislocation.
The second point proposed in this study is to investigate the curve of the habit plane. As shown in Fig. 1 , as mentioned later, it appears that only the broadest habit plane among all the habit planes of the precipitate is curved. This tendency has also been observed in 48 precipitates by TEM.
8) The FEM analysis investigates the influence of the curved habit plane on the elastic state surrounding the precipitate.
In keeping with these two points, the present study aims at gaining more fundamental knowledge regarding the morphology of the precipitate in BCC/HCP systems.
Experimental and Modeling Procedure

Experimental process
Ti-22V-4Al alloy containing V: 22.2, Al: 4.2, Fe: 0.14, O: 0.11, N: 0.008, C: 0.008, and H: 0.017 (mass%) was prepared by vacuum melting. The alloy was solution treated at 1573 K for 18 ks and subsequently aged at 923 K for 400 ks under a He gas atmosphere, followed by furnace cooling to obtain an ð þ Þ microstructure. The relative OR of an precipitate and matrix was determined by Kikuchi pattern analysis. The error of the Kikuchi pattern analysis was less than 0.1 .
11)
A typical precipitate observed by TEM is shown in Fig. 1 . As shown in Fig. 1(a) , the precipitate has two major habit planes that are close to the ð6 7 7 6Þ and ð17 3 14Þ planes. The relative OR determined by the Kikuchi pattern analysis is approximately 0.58 away from ð0001Þ == f 1 101g parallel and approximately 0.38 away from h2 1 1 1 10i == h111i parallel. Thus, the precipitate satisfies the near-Burgers relationship. This crystallographic feature is the same as that of the other precipitates in this alloy, as shown in Figure 1 (b) and (c). It should be noted that the broadest habit plane (termed broad face) is curved; on the other hand, the second habit plane (termed side facet) has a flat plane. This tendency has also been observed in the 48 precipitates by TEM.
8)
Atomic matching model
The three dimensional near-coincidence site lattice (termed 3D-NCS) analysis 12) is applied, whose calculated procedure is followed. The matrix and precipitate lattices are prepared. The HCP and BCC lattices whose lattice parameters are the same as that of this alloy (a ¼ 0:326, a ¼ 0:2938, and c ¼ 0:4712 nm) contain approximately two million atoms in the case of HCP lattices and ten million atoms in the case of BCC lattices. The two lattices overlap in a three-dimensional space with a specific OR. Near-coincident atoms are identified from the overlapping atoms of the matrix and precipitate when the relative distance between the two types of atoms is less than the critical value, which is purely geometrical. 12) In the 3D-NCS model, a high-density plane and the direction of the near-coincidence atoms imply a good atomic matching plane and a small-misfit direction between a matrix and a precipitate, respectively. 13) In a previous study, 8) the density of the near-coincident atoms on all the planes that are along the invariant line direction was examined for investigating the preferred habit planes because each habit plane of the precipitate involves the invariant line, 14, 15) which was revealed by TEM observations. 8) The results are shown in Fig. 2 . The density is indicated by the ratio, and the maximum value is 1.0. Six peaks are clearly observed. It is found that the ð6 7 7 6Þ and ð17 3 14Þ planes have a high density of the near-coincident atoms, and they correspond to the broad face and side facet, respectively, of the precipitate, as shown in Fig. 1(a) . On the other hand, the density of the near-coincidence atoms of the ð17 3 14Þ plane is almost twice that of the ð6 7 7 6Þ plane-the density of the ð17 3 14Þ plane is 1.0 and that of the ð6 7 7 6Þ plane is 0.58. The minimum-energy shape of the precipitate must have the ð17 3 14Þ plane as the broadest habit plane in the precipitate since a higher density plane of the nearcoincidence atoms accords with a better atomic matching plane, i.e., a lower interface boundary energy between the matrix and the precipitates. However, as shown by the TEM observation results in Fig. 1(a) , the broadest habit plane is the ð6 7 7 6Þ plane. This suggests that although the indices of the preferential habit planes can be predicted with the existence of the peak of atomic matching, the configuration of precipitates which consists of the preferential habit planes is not able to predict.
FEM analysis
The FEM analysis was performed for evaluating the elastic strain surrounding and within the precipitates. Mentat and MARC2005 were employed for preprocessing and FEM calculations, respectively. The modeling type is that of an X-Y plane strain. A precipitate generally grows along the specific direction corresponding to an invariant line. 14, 15) Therefore, we have sufficiently discussed only the crosssectional shape of the precipitate, which is perpendicular to the invariant line direction. The prescribed shape of the precipitate is set at the center of a matrix mesh. The part around the precipitate that has to be evaluated is at a sufficient distance from the corner of the mesh so as to avoid the assumption of an edge restraint. The material properties employ anisotropic elastic constants in the references. 16, 17) The FEM analysis calculates the generated elastic strain according to the difference in the elastic constants and orientation between the two phases, and it examines the influence of the elastic strain depending on the entire shape. Figure 3(a) shows an example of mesh cutting in this study. The elastic constants are set to specific coordinates, as shown in Fig. 3(a) . Figure 3(b) shows the high-magnification image of the square area in shown in Fig. 3(a) .
Results and Discussions
Volumetric strain
The precipitate with an HCP lattice transforms from a matrix that has a BCC lattice by the dislodging of an atomic location, which leads to a volumetric strain between the precipitate and matrix. The method for calculating the volumetric strain is described below. The volumetric strain can be decomposed into the components of any direction, and it can be determined by a transformation strain matrix.
18) The unit cells of the BCC and HCP lattices exhibiting the Burgers OR are shown in Fig. 4 . Since it is difficult to calculate the transformation strain matrix when the unit cell of the BCC lattice changes into that of the HCP lattice that exhibits the Burgers OR, 19) the transformation strain matrix at the PitschSchrader OR (ð0001Þ == ð110Þ , ½ 2 2110 == ½001 ) 20) is calculated; then, the transformation strain matrix rotates into that of the Burgers OR using a rotation matrix. The transformation strain matrix A P of the Pitsch-Schrader OR is expressed as follows:
The transformation strain matrix A B of the Burgers OR is given by
where R is rotation matrix of the rotation from the Pitsch-Schrader OR to the Burgers OR. In the case of the lattice parameter of this alloy, A P and R are expressed as follows: From this matrix, it is found that the volumetric strains from the BCC lattice to the HCP lattice with the ORs ½17 3 14 and ½855 1231 1302 are 0.052 and À0:048, respectively. Figure 5 shows the strain of the surroundings of the precipitate in which a lattice plane is expressed as a line. When a precipitate has coherent interfaces and exists in matrix phase, an elastic strain occurs depending on the difference in the lattice spacing, as shown in Fig. 5(a) . The elastic strain increases with the growth of the precipitate, and it is eased by a misfit dislocation in plasticity, as shown in Fig. 5(b) . This figure indicates the condition of enlarging the precipitate by introducing an extra half plane from the condition shown in Fig. 5(a) . Thus, the elastic strain around the precipitate in the matrix phase is relaxed in proportion to the number of extra half planes that are applied by misfit dislocation. Geometric calculations can determine the density of the extra half plane from the spacing of the misfit dislocation. As a result, at the broad face of the precipitate, i.e., d f110g ¼ 0:2270 nm, d ð0002Þ ¼ 0:2359 nm on the ð43 69 37Þ plane, the extra half plane exists in the matrix phase side at a rate of 1 plane per 25 lattice planes of the matrix phase; in other words, the strain by a misfit dislocation will be approximately À4:0% in the direction of the broadest habit plane. Similarly, at the side facet of the precipitate, the extra half plane exists in the precipitate side at a rate of 1 plane per 33 lattice planes of the matrix phase, and the strain is equivalent to +3.3% in the direction of the side facet.
Strain relaxation by misfit dislocation
Aspect ratio of precipitate by FEM analysis
The final transformation strain generated by the precipitate is calculated by adding both the strain by the volume change and strain relaxation by the misfit dislocation. These elastic strains were relatively compared when the surface ratio of the two habit planes between the ð6 7 7 6Þ and ð17 3 14Þ planes was changed. The contours of the elastic strain distributions of each precipitate are shown in Fig. 6 . The distributions of the elastic strain surrounding and within the precipitate are found to change in accordance with the shape. In particular, there are significant differences in the distribution of the elastic strain within the precipitate even if the aspect ratios are identical, e.g., 1:7 and 7:1.
The total elastic strain is relatively compared, and the results are shown in Fig. 7 . The horizontal axis indicates the [011]
[211]
[1100]
[1120] surface ratios of the habit planes between the ð6 7 7 6Þ and ð17 3 14Þ planes, i.e., ratios of 7:1, 4:1, 7:3, 3:2, 1:1, 2:3, 3:7, 1:4, and 1:7. The vertical axis indicates a relative comparison of each of the elastic strain, which is represented by the ratio of which the elastic strain at 1:1 is 1.0. The gray bar in Fig. 7 indicates the result of considering only the volumetric strain in the FEM calculation, and the black bar indicates that of considering both the volumetric strain and strain relaxation by misfit dislocation. In the case of considering only the volumetric strain, the total elastic strain decreases as the surface ratio approaches approximately 1:1. This implies the elastic strain exhibits isotropic features in accordance with the aspect ratio of the shape of the precipitate. On the other hand, the results in the case of considering both the volumetric strain and relaxation by misfit dislocation are very different, i.e., there is a tendency that the elastic strain decreases if the broad face is the ð6 7 7 6Þ plane rather than the ð17 3 14Þ plane. This is dependent on the increment in the ð6 7 7 6Þ plane, which is able to effectively relax the strain by the misfit dislocations, as mentioned in section 3.2. It should be noted that the minimum value of the strain, i.e., 0.89, occurs at a specific aspect ratio of 3:7. This suggests that the optimum configuration of precipitates is determined by the tradeoff relationship of two factors; one is the strain relaxation due to the increment in the ð6 7 7 6Þ plane, and the other is the decrease in the total elastic strain as the surface ratio approaches approximately 1:1. Finally, the calculated minimum shape of the elastic strain at an aspect ratio of 3:7 is consistent with the experimental observations, as shown in Fig. 1 . This result with regard to the elastic strain can explain the phenomenon of the ð17 3 14Þ plane not being the broadest habit plane despite having the lowest interphase boundary energy.
Curve on ð6
7 7 6Þ plane First, this section discusses the reasons why the broad face ð6 7 7 6Þ is curved and the side facet ð17 3 14Þ is flat. Although on the section of 2.2 the existence and the height of the peak in Fig. 2 were described, it should be noted that each half-value width of the ð6 7 7 6Þ and ð17 3 14Þ peaks is very different, i.e., the length of ''A'' shown in Fig. 2 is almost twice that of ''B''. This implies that if the ð17 3 14Þ plane tilts by even a few degrees from the exact plane index, the atomic matching of the plane becomes extremely low. On the other hand, the atomic matching of the ð6 7 7 6Þ plane is not so changed than the case of the ð17 3 14Þ plane when the plane tilts. Hence, it could be said that the ð6 7 7 6Þ plane is easy to tilt from the exact plane index than ð17 3 14Þ by the elastic strain. This result can explain the phenomenon of the curvation of only the ð6 7 7 6Þ plane. Second, the FEM analysis investigates the influence of the curved broad face on the elastic state surrounding the precipitate. Further, the dependability of the elastic strain caused by the curvation of only the broad face on the shape of precipitate having the minimum elastic strain at an aspect ratio of 3:7 is examined. The curve ratio is determined as shown in Fig. 8 , and it changes from 0 to 50% when the area of the precipitate I constant. The vertical axis indicates a relative comparison of each of the elastic strain, which is represented by the ratio of which the elastic strain at 0% is 1.0. The results are shown in Fig. 9 . When the curve ratio is increased to 50%, the shape of the precipitate approaches a perfect circle, and the elastic strain also increases gradually. However, the minimum strain occurs at a specific curve ratio of approximately 15%; the shape of the precipitate would correspond well with the experimental observation results shown in Fig. 1 . By the same calculation method, the elastic strain at other aspect ratios is also investigated. The summary is shown in Fig. 10 ; in addition to the minimum aspect ratio of 3:7, the aspect ratios 1:7, 1:1, 7:3, and 7:1 are also considered. The vertical axis indicates a relative elastic strain, which is represented by the ratio of which the elastic strain at 3:7 on 0% is 1.0. The horizontal axis indicates the change in the curve ratio of the broad face from 0 to 50%. The value of each elastic strain at 0% corresponds to the results shown in Fig. 7 . In Figure 10 , except at aspect ratios of 3:7 and 1:7, the elastic strain increases gradually with the curve ratio. The minimum elastic strain occurs for a curve ratio of 20% at an aspect ratio of 1:7; the configuration of the precipitate is shown in Fig. 11 . The shape of the precipitate shown in Fig. 11 differs from that observed from the TEM results shown in Fig. 1 , although the elastic strain at this shape is minimum. It would be because in the experimental results there is less effect of the elastic strain on the determination of the precipitate-configuration than that in the FEM analysis. However, this fact is very interesting because there is a possibility that such a curved shape would appear in the early 
Relative elastic strain Fig. 9 Comparison of elastic strains with a curved broad face ratio in the range 0-50% for a precipitate with an aspect ratio of 3:7. When the curve ratio is increased to 50%, the precipitate shape approaches a perfect circle. Relative elastic strain 0% 10% 20% 50% 30% 40% Fig. 10 Comparison of elastic strains with a curved broad face ratio in the range 0-50% at each aspect ratio. The precipitate shapes shown on left of this figure are noncurved shapes, and those on the right are shapes with a 50% curve. A precipitate of this shape exhibits the minimum elastic strain in the present study.
stages of precipitation or after aging for a long time. Our future work will comprise a detailed comparison of these FEM results with the experimental observation results obtained by considering the aging time.
Conclusions
This study has investigated the entire shape of the precipitate in Ti-22V-4Al in terms of the interphase and elastic strain energies with the consideration of the interface dislocation. The results of the study can be summarized as follows:
(1) It can be considered that the atomic matching model is able to determine the preferred habit planes by evaluating the results of geometrical atomic matching; then, the configuration of the precipitate that consists of the preferred habit plane is determined by the elastic strain with the minimum value. (2) On the basis of the above rule regarding the elastic strain, the optimum configuration of the precipitate that consists of the preferred habit plane is determined by the tradeoff relationship of two factors; one is the strain relaxation due to an increment in the ð6 7 7 6Þ plane, and the other is the decrease in the total elastic strain as the surface ratio approaches a regular square. (3) The minimum shape of the precipitate by considering the curvation of the ð6 7 7 6Þ plane differs from the experimental results. It can be said that this shape is the minimum-energy shape under a particular condition wherein the curvation of the habit plane can be allowed, i.e., in the early stages of precipitation or after aging for a long time.
